Summary: The brain is both the source and the recipient of peptide signals, The question is: Do endogenous, blood-borne peptide molecules influence brain function?
laries, e.g., selected circumventricular organs including the pineal gland, neurohypophysis, and choroid plexus, the peptide fraction extracted approaches that of water. Within the circumventricular organs, the peptide mole cules actually reach the cellular elements of the tissue.
However, no studies definitively show that pep tides reach neurons in the deeper layers of the brain. On the other hand, blood-borne peptides influence the BBB per meability by altering the transport of essential sub stances. The effect may be mediated by specific peptide binding sites located at the luminal membrane of the en dothelium. It is possible that the effect of peptides on the BBB is necessary for proper brain function. There is some evidence that peptides, released centrally into the synaptic clefts as well as peripherally into the blood stream, support complex brain performances by both of these pathways. Key Words: Binding sites-Blood brain barrier-Circumventricular organs-Endothe lium -Extraction -Peptides.
body when released into the bloodstream. In the first case, the single-address signals function as neurotransmitters/neuromodulators. In the second, the peptides that leave the nervous system serve as multi-address signals known as neurohormones.
It is possible that the blood-borne peptides also trigger neuronal events. When peripherally in jected, the peptides cause alterations in neuronal functions, noticeable by the altered behavior of an imals lfor reviews, see Kastin et ai. (1978) and Mei senberg and Simmons (l 983b)]. However, although peripherally injected VP improves memory lfor re view, see van Wimersma Greidanus et ai. (1983) ], the processes underlying such behavioral altera tions remain difficult to imagine. Therefore, the first question is whether blood-borne peptides cross the capillary endothelium in brain, as discussed in re cent reviews (Meisenberg and Simmons, 1983a; Pard ridge , 1983) .
Endothelial cell layers of capillaries within the brain can be classified into two types. Endothelial cells of the first type are connected by tight junc tions. The tight endothelium of the brain capillaries forms the blood-brain barrier (BBB) (Reese and Karnovsky, 1967; Brightman and Reese, 1969; Old endorf, 1977; Crone, 1980) . The surface area of the tight capillary endothelium amounts to >99% of the total brain capillary surface area (Crone, 1971) . Al ternatively, in a few and mostly microscopic regions formed by cells derived from the ependymal matrix (Leonhardt, 1980) and belonging to the morpholog ically as well as functionally heterogeneous circum ventricular organs (Hofer, 1959; Leonhardt, 1980) , endothelial cells are fenestrated and, typically, not connected by tight junctions [for review, see Leon hardt (1980) ]. Therefore, in the circumventricular organs of mammals, including the choroid plexus, the vascular organ of the lamina terminalis, the subfornical organ, the pineal body, the area pos trema, the neurohypophysis, and the median emi nence but excluding the subcommissural organ, the capillary endothelial cell layer is leaky. Although a BBB is absent from the circumventricular organs, however, their perivascular space with the phago cytic cells is separated from the extracellular space of the brain and from the CSF, respectively, by a sheath of cells connected by tight junctions (see Leonhardt, 1980; Krisch et aI., 1983) .
The barriers within the brain may regulate the composition of the fluid within the interstitial space of the brain (see Kuffler and Nicholls, 1977) . The regulation may be necessary because information processing is based on metabolic events that de pend on intact homeostasis of the interstitial fluid. Therefore, a second question is whether peptide molecules influence the properties of the BBB.
PROPERTIES OF BRAIN CAPILLARIES WITH RESPECT TO PEPTIDES
The properties of brain capillaries with respect to peptides are most easily studied by measuring the accumulation (retention or uptake) of radioactivity within the brain after intracarotid injection (Old endorf, 1970 (Old endorf, , 1981a Gjedde and Rasmussen, [980) of labeled peptides. In the case of peptides, the rapid intracarotid bolus injection of a tracer and measurement of its single-pass clearance by brain minimize degradation by plasma peptidases (Old endorf, 1981b) . For this reason, several groups have used the carotid injection technique to study the relation of peptides to the cerebral capillary endo thelium (Greenberg et aI., 1976; Kastin et aI., 1976 Kastin et aI., , 1979 Kastin et aI., , 1981 Landgraf et aI., 1977 Landgraf et aI., -79, 1983 Corn ford et aI., 1978; Oldendorf, 1981b; Ermisch et aI., 1983 Ermisch et aI., , 1984 Verheugen et aI., 1983; Zlokovic et aI., 1983; Banks et aI., 1984) , although the individual applications of the technique as well as the as sumptions underlying the calculations differ in the various laboratories. Therefore, a quantitative com parison of the values is difficult (for calculations used by our group, see the footnote to Ta ble 2).
Ta ble I summarizes the single-pass extraction of 17 peptides ranging from dipeptides to peptides having 31 amino acid residues. The extraction frac tion of a substance is the relative amount extracted from the bolus during a single passage (Oldendorf and Braun, 1976; Oldendorf, 1981a ; see also foot note to Ta ble 2). Cornford et al. (1978) detected a low extraction of the enkephalins, similar to that reported for monoamines and acetylcholine (Old endorf, 197[) . Values determined for cholecysto kinin, somatostatin (Oldendorf, 1981b) , glycyl-Ieu cine, and glycyl-phenylalanine (Zlokovic et aI., 1983) indicate no significant extraction of these pep tides (see Ta ble 1).
The extraction fractions of the eight peptides studied in the authors' laboratory are minimal in most regions (Table 1) . Nevertheless, the accumu lation (Table 2 ) of all the peptides exceeds that of inulin but is one order of magnitude lower than that of amino acids and water (Fig. I) . When perme ability-surface area products (Crone, 1963) were calculated for the peptides, they were close to those of other hydrophilic nonelectrolytes (Crone, 1980) .
Because of the heterogeneity of brain tissue, ac cumulation may differ between the regions. Figure  I demonstrates the accumulation of peptides and reference substances in various brain regions. A marked difference exists between the brain regions with tight and brain regions with leaky endothelia. Tight-endothelia regions cover >98% of the sam pled brain mass (Ermisch et aI., 1983 (Ermisch et aI., , 1984 , but only 70-80% of the radioactivity is accumulated in these regions. The accumulation varies little be tween the regions with tight endothelia, only the olfactory lobe, hypothalamus, and medulla tending toward a somewhat elevated accumulation. The hy pothalamic samples may contain differing amounts of the leaky median eminence, and the medulla may include parts of the leaky area postrema.
The transport properties of tight capillaries can be further studied by adding unlabeled peptides to the injectate. Thus, Cornford et al. (1978) were un able to saturate the uptake of enkephalins. Simi larly, variation of the concentration of f3-casomor phin-5, VP, and OT failed to show saturation of the uptake processes in our experiments (Ermisch et aI., 1985 ; see also Ta ble 2).
The considerable retention of peptides within the choroid plexus IV, the pineal body, the pituitary Original data Ta ble contains only data obtained with the intracarotid injection technique. It should be noted that the quantitative comparison of values from different labo ratories is difficult, since the individual applications of the technique as well as the assumptions underlying the calculations differ. The values from our own laboratory are related only to regions with tight capillaries.
a The data are valid if the label is on the glycyl residue. If it is on the phenyl alanine or leucine residue, the extraction is higher ( 1.8 or 1.1%). probably owing to trace amounts of L-system amino acid present as impurity in the dipeptide tracers (Zlokovic et al.. 1983) . The problem that the extraction of peptides may be influenced to a variable and mostly unknown degree by impurities should generally be taken into consideration.
neurointermediate lobe, and the anterior pituitary (see Fig. 1 and Table 2 for anterior pituitary and pineal body) reflects the leakiness of the capillaries in these regions. In most cases, the peptides were accumulated to the same degree as water (Fig. 1) . The differences between the regions ( Fig. 1 ; Table  2 ) may depend on the blood supply and the pres ence of binding sites for the peptides, e.g., for go nadoliberin in the anterior pituitary (Marian et aI., 1981 The standard deviations for tight regions are in the range of 5-30%. for the pineal body and anterior pituitary, 10-100%. The relative accumulation of radioactivity in the samples (Al was calculated from the ratio A = (Rbr ' 100)/( Rin j • Wbr ), where Rbr represents the radioactivity of the sample, Wbr its weight, and Rin j the intracarotidally injected dose. Brain halves ipsilateral to the injection site were dissected into 13-18 regions and the anterior pituitary (see Fig. I ). Each weighed region was subjected to liquid scintillation analysis. The A of tight regions represents the mean of 10-15 brain samples containing tight capillaries. The fraction extracted ( E ) was calculated for tight regions (for values see Ta ble I). according to the general ratio E = [( A ( x ) -Ai t )/( Aw -Aitl] . 0.43. It is assumed that the extracted fraction of water is 0.43 (Gjedde and Rasmussen, 1980) . A tX) represents the accumulation of a tested substance, Aw that of water, and Au that of inulin in tight regions.
a Mean value (no significant differences between injected doses).
minal [3H]tyrosyl residue of the enkephalin mole cule was cleaved enzymatically.
There is no evidence of intraendothelial accu mulation of blood-borne peptides. Pinocytotic ac tivity of the tight capillary endothelium is negligible in normal brain but can be induced under some cir cumstances (Brightman, 1977; van Deurs, 1980) . Pi nocytosis cannot be excluded in the arteriolar en dothelium (see Brightman, 1977; van Deurs, 1980) . To date, there is no indication that any endogenous peptide has properties that favor its passage across the BBB.
When pharmacological amounts of peptides are injected peripherally, passive transport may occur by nonsaturable diffusion (Table 2) . Therefore, it may be possible to create pharmacological situa tions in which enough peptide molecules pass the barrier to reach neurons in effective concentrations.
Autoradiographic detection of OT injected in large amounts (�100 J.Lg/animal) revealed significant neu ronal uptake (Ruhle and Ermisch, 1978) , whereas VP in lower concentrations did not accumulate in the brain parenchyma (Ermisch et aI. , 1982) . By radioimmunoassay, Kastin et al. (1979 Kastin et al. ( , 1981 Kastin et al. ( , 1982 observed that small amounts of a-sleep-inducing peptide cross the BBB in its intact form after injec tion of extremely high doses. Some synthetic ana logs of natural opioid peptides were shown to have a BBB permeability sufficient to produce significant brain uptake within 3-11 min (Rapoport et aI. , 1980) . and, partly, the subfornical organ. It cannot be ex and OT in the plasma, whereas the concentrations in the CSF remained unchanged (Landgraf and Gunther, 1983) . In contrast, following peripheral application of high pharmacological doses, exoge nous VP and OT were found to cross the blood CSF barrier in amounts that, though minute, were sufficient to trigger central effects (Mens et a!., 1983) .
BBB PERMEABILITY ALTERATIONS BY PEPTIDES
Intracarotidally injected VP and OT enhance the BBB permeability to an RNA precursor in some brain regions (Landgraf et a!., 1977 (Landgraf et a!., , 1978 but do not affect glucose accumulation. In addition, VP caused a significant increase of the transport af finity of leucine (Ermisch et a!., 1980; Brust and Ermisch, 1985) . The findings suggest a substance specific, dose-dependent, and regionally differen tiated alteration in the transport of essential sub stances across the BBB by blood-borne VP (Er misch et a!., 1982). The alteration in the transport might be triggered by the specific binding of VP at the tight capillary endothelium (Kretzschmar and Ermisch, 1985) . The linkage of this binding to the altered permeability of the capillary, however, is un clear and remains to be definitively documented (Ermisch and Hess, 1985) . After intracerebroven tricular application, on the other hand, VP was re ported to increase BBB permeability to water (Raichle and Grubb, 1978) , an effect probably me diated by noradrenergic pathways (Raichle, 1981; Pardridge, 1983) . Although the consequences of altered BBB per meability remain to be clarified, the evidence sug gests that changes in the permeability of the BBB can be triggered by peptides and may be physiolog ically important phenomena (Ermisch et a!., 1982 Peptides may reach neuronal elements in some circumventricular organs (van Houten and Posner, 1983 ), but there is no evidence of penetration to deeper layers of the brain (see Leonhardt, 1980; Krisch et aI. , 1983) . (Ermisch et aI. , 1982) . The increase of plasma VP in response to stress and intense mental activity in humans (Ermisch and Landgraf, 1984) can be interpreted in the same light. This hypothesis has gained support by the recent results of Pittman et al. (1982) and Burnard et al. (1983) indicating that simultaneous central and neurohypophysial release of VP may occur in response to appropriate stimuli, hence implying that both subsystems function in a synergistic, coordinated manner.
